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In  our  work,  thermal  behavior  and  kinetic  characteristics  of  spent  lark  mushroom  substrate  were 
evaluated  to  elaborate  the  thermal  decomposition  mechanisms  and  explore  the  influence  of  heating  rate 
by  using  thermogravimetric  analyzer  and  Coats-Redfern  method.  The  study  of  pyrolysis  temperature  of 
raw  material  was  also  operated  at  the  range  of  410-530  °C,  under  the  feeding  rate  0.36  g/min,  and  the 
nitrogen  flow  16  L/h.  The  results  showed  that  the  maximum  bio-oil  yield  was  obtained  at  470  °C  with 
the  yield  of  14.4  wt.%.  The  analysis  of  Fourier  transform  infrared  spectrometer  and  gas  chromatography 
coupled  with  mass  selective  detector  indicated  that  the  target  liquid  production  was  consisted  of  phe¬ 
nols,  hydrocarbons  and  other  components.  Simultaneously,  the  low  oxygen  and  high  hydrogen  content 
in  bio-oil  was  also  determined  by  elemental  analysis.  Based  on  the  above-mentioned  results,  we  demon¬ 
strated  that  the  bio-oil  obtained  from  the  substrate  had  high  utilization  value  as  a  potential  energy 
resource. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

With  the  continuous  consumption  of  fossil  fuels,  energy  crisis 
and  environmental  issues  have  become  more  and  more  prominent. 
Hence,  the  utilization  of  renewable  resources  is  of  growing  impor¬ 
tance.  Among  the  various  forms  of  energy  supply  materials,  bio¬ 
mass  is  always  considered  to  be  an  important  potential  source 
[1  .  In  China,  the  growth  rate  of  spent  mushroom  substrate  is  more 
than  8  million  tons  per  annum  and  it  may  increase  continuously  in 
the  future  [2].  Unfortunately,  a  large  number  of  residues  tend  to  be 
incinerated  or  dumped  as  organic  wasters  to  decompose  naturally 
[3  .  Particularly,  spent  lark  mushroom  substrate  (SLMS)  is  often 
burned  in  the  field,  which  brings  negative  impact  on  the  environ¬ 
ment  due  to  the  release  of  smoke  and  dust. 

To  date,  pyrolysis,  as  one  of  the  most  important  thermochemi¬ 
cal  methods,  has  been  applied  in  the  conversion  of  biomass  and 
biomass  wastes.  According  to  the  pyrolytic  process,  these  solid  res¬ 
idues  can  be  converted  into  different  phases,  such  as  bio-oil,  char, 
and  gas  [4,5  .  In  comparison  with  solid  fuels,  the  liquids  have  many 
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advantages,  such  as  high  energy  density,  easy  storage  and  trans¬ 
port.  The  high  calorie  value  and  low  ash  content  in  bio-oil,  which 
provide  the  potential  to  be  mixed  with  conventional  petroleum 
fuels  [6  .  Besides,  bio-oil  is  also  a  kind  of  feedstock  to  produce 
high-value  added  chemicals.  The  byproduct,  bio-char,  can  act  as 
the  soil  modifier  to  improve  the  habitat  of  plants  and  enhance  car¬ 
bon  sequestration  [7,8  .  Gas  is  also  utilized  by  taking  advantages  of 
abundant  gas  types [9  . 

In  order  to  obtain  high  energy  conversion  efficiency,  the  pyroly¬ 
sis  experiments  of  various  biomasses  have  been  carried  out  under 
different  conditions.  A  clear  brief  containing  the  different  experi¬ 
ment  conditions  and  the  main  characteristics  of  bio-oil  obtained 
from  agriculture  and  forestry  residues,  is  given  in  Table  1.  These 
researches  are  of  great  helpful  to  promote  the  development  of  bio¬ 
mass  thermochemical  system.  Additionally,  pyrolysis  kinetics  also 
plays  an  important  role  in  understanding  the  mechanism  of  solid- 
state  thermal  decomposition.  Sait  et  al.  [10]  investigated  the  pyro¬ 
lysis  kinetics  of  date  palm  biomass.  Their  work  showed  that  the 
highest  conversion  efficiency  of  raw  material  occurred  at  the  tem¬ 
perature  range  of  200-450  °C,  and  the  heat  and  mass  transfer  lim¬ 
itations  may  influence  the  thermal  degradation  of  biomass  in  the 
absence  of  oxygen.  Huang  et  al.  [11]  had  concerned  the  pyrolysis 
behaviors  of  coffee  hulls,  bamboo  leaves,  sugarcane  bagasse,  and 
sugarcane  peel.  According  to  semi-quantitative  method,  a  good 
linear  regression  was  obtained  in  their  work.  Besides,  the  thermal 
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Table  1 

Characteristics  of  bio-oils  obtained  from  various  biomasses  under  different  experiment  conditions. 


Biomass 

Experiment  condition 

Characteristic 

Refs. 

Sawdust 

Pyrolysis  occurred  in  the  fixed-bed  system 

The  obtained  bio-oil  had  low  pH  value 

[13] 

Oreganum  stalk 

Pyrolysis  was  performed  at  500  °C  in  a  fluidized  bed 

The  bio-oil  had  high  oxygen  content 

[14] 

reactor 

Rice  straw 

Pyrolysis  was  carried  out  at  different  temperatures 

The  maximum  yield  was  determined  at  450-750  °C 

[15] 

Palm  oil  decanter 

Vacuum  pyrolysis 

The  bio-oil  had  no  tendency  to  polymerize  at  high  temperature  zone( above 

[16] 

cake 

500  °C) 

Corn  stalk 

Pyrolysis  in  the  presence  of  catalyst 

The  use  of  catalyst  had  increased  the  content  of  aromatic  compounds  in  the 
oil 

[17] 

decomposition  process  of  hazelnut  husk  was  described  in  the  study 
of  Ceylan  et  al.  From  their  paper,  kinetics  analysis  results  showed  a 
good  agreement  with  experimental  data,  which  provided  some  ref¬ 
erences  for  future  application  [12]. 

Although  spent  lark  mushroom  substrate  has  abundant  recy¬ 
cling  utilization  values,  few  researches  are  focused  on  its  pyrolysis 
behavior  and  characterization  of  the  obtained  liquid  production.  In 
this  paper,  the  pyrolysis  behavior  of  the  SLMS  is  investigated  suffi¬ 
ciently.  The  related  kinetic  parameters  are  calculated  by  an  iso- 
conversional  model.  Moreover,  the  characterization  of  liquid  pro¬ 
duction  is  tested  by  different  analysis  means.  Our  work  mainly 
aims  to  exposit  pyrolytic  characteristics  of  raw  material,  as  well 
as  provide  some  references  for  future  application  of  liquid 
production. 

2.  Materials  and  methods 

2.2.  Preparation  of  raw  material 


Meanwhile,  the  non-condensable  gases  were  collected  in  a  Teflon 
bag  and  disposed  in  the  future.  The  flow  rate  of  nitrogen  was  kept 
at  16  L/h.  Preliminary  tests  at  different  gas  flow  rates  had  demon¬ 
strated  that  the  chosen  gas  flow  rate  could  avoid  gas  condensation 
in  solid  collector  and  assure  hypoxia  environment  in  the  whole 
process  of  the  experiment. 

For  making  the  aqueous  and  oil  phase  separate,  methylbenzene 
as  the  extraction  agent  was  added  into  the  liquid  productions. 
Through  the  distillation  process,  an  azeotrope  composed  of  aque¬ 
ous  phase  and  methylbenzene,  was  distilled  out  in  a  calibrated 
glass  tube.  After  standing  for  some  time,  the  content  of  aqueous 
phase  was  measured  with  volumetric  method.  The  mass  of  bio¬ 
oil  was  determined  by  calculating  the  weight  change  before  and 
after  distillation.  The  residual  solids  were  collected  in  a  solid  col¬ 
lector  and  weighted  as  char.  The  final  yields  of  the  obtained  bio¬ 
oil  and  char  were  calculated  by  Eq.  (1). 

7  =  ^1x100%  (1) 


The  raw  material  was  obtained  from  Changchun  in  Jilin  prov¬ 
ince,  China.  After  washing  away  the  dirt  on  the  surface  of  raw 
material,  the  dried  solids  were  crushed  by  grinding  machine.  And 
then,  a  standardized  sieve  was  used  to  obtain  specifies  desired  par¬ 
ticle  size  (<1  mm).  The  final  samples  were  kept  in  a  wide  mouthed 
bottle  at  room  condition. 

2.2.  Pyrolysis  process  of  SLMS 

Thermal  analysis:  the  pyrolysis  process  was  performed  by  the 
HTG-2  model  Henven  thermogravimetric  analyzer.  The  samples 
(8-10  mg)  distributed  uniformly  in  crucible  were  heated  from 
room  temperature  to  800  °C  at  different  heating  rates  (5,  10,  15, 
20  °C/min).  As  carrier  gas,  the  constant  flow  rate  of  nitrogen  atmo¬ 
sphere  was  fixed  at  50  ml/min.  The  purposes  of  these  measures 
were  to  eliminate  the  effect  of  eventual  side  reactions,  and  make 
mass  and  heat  transfer  limitation  to  the  minimum.  In  addition, 
the  initial  and  the  final  weight  were  recorded  in  each  experiment 
to  calculate  the  kinetic  parameters. 

Pyrolysis  experiment:  the  experiments  were  carried  out  in  a 
self-made  pyrolyzer,  which  had  been  shown  in  Fig.  1.  The  pyro- 
lyzer  was  mainly  comprised  of  feeding  section,  pyrolysis  zone 
and  receiver.  A  screw  feeder  was  installed  at  one  side  of  feeding 
section.  With  the  rotation  of  the  adjustable  speed  motor  and  gear 
reducer,  about  50  g  SLMS  particles  for  each  experiment  were  con¬ 
stantly  driven  into  the  pyrolysis  zone.  The  pyrolysis  zone  was 
made  up  of  two  heating  jackets,  which  totally  had  length  of 
170  mm  and  inner  diameter  of  20  mm.  In  order  to  control  the  tem¬ 
perature  accurately,  thermocouples  were  put  into  the  inner  side  of 
the  heating  jackets.  At  the  end  of  pyrolysis  zone,  a  vertical  orienta¬ 
tion  counter-current  condenser  tube  was  connected,  so  that  the 
temperature  of  condenser  was  maintained  at  around  282.15  K. 
The  receiver  was  submerged  in  the  icy  debris  container,  which 
could  ensure  the  condensation  of  bio-oil  vapor  sufficiently. 


where  Y  was  the  yield,  Mi  was  the  mass  of  the  desired  product,  and 
M2  was  the  initial  mass  of  SLMS.  The  yield  of  gas  was  calculated  by 
difference.  The  same  experiment  was  operated  at  least  twice  in 
order  to  ensure  availability  of  the  data. 

2.3.  Kinetics  study 


Kinetics  was  widely  applied  in  the  design  of  thermochemical 
system,  and  some  models  to  calculate  the  kinetic  parameters  had 
already  been  reported.  An  iso-conversional  model,  Coats-Redfern 
method  [12],  was  used  in  the  present  work  to  obtain  the  parame¬ 
ters  of  main  thermal  stages  of  raw  material  and  investigate  the 
effect  of  heating  rate.  Moreover,  the  thermal  disintegration  process 
of  biomass  was  considered  to  be  a  parallel  first-order  reaction, 
which  was  always  used  by  other  researchers  [18-20]. 

The  pyrolysis  reaction  equation  could  be  described  by  the 
expression: 


dx 

T^x 


A 

-7  exp 

<i V 


where  A  was  the  pre-exponential  factor,  E  was  the  apparent  activa¬ 
tion  energy,  0  was  a  linear  heating  rate  for  non-isothermal  condi¬ 
tions,  R  was  the  gas  constant  and  T  was  the  absolute  temperature. 
Moreover,  x  was  the  extent  of  raw  material  weight  loss,  which 
was  calculated  by  Eq.  (3): 


W0-Wt 

W0-Wf 


where  W0  was  the  initial  mass,  Wt  was  the  mass  at  time  t  and  Wf 
was  the  final  mass  at  the  end  of  pyrolysis  process. 

Upon  integration  the  left  and  right  sides  of  Eq.  (2),  the  formula 
was  written  as  follows: 


exp 
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Fig.  1.  Schematic  diagram  of  the  pyrolyzer. 


Here,  an  assumption  was  given  that  x  was  zero,  when  the  reaction  library  search  (Version  2.0)  was  used  to  analyze  the  obtained 

was  not  start.  The  reaction  equation  could  become  the  following  spectra. 

expression: 


.  M  .  t2(AR  E-2RT 

,n(1-x)=r  U — ^exp 


RT 


(5) 


Logarithmic  form  on  both  sides,  the  final  expression  was  described 
by  Eq.  (6): 


In 


ln(l  -  x) 


E  ,  AR 
~RT  +  ln4> E 


(6) 


A  straight  line  was  obtained  by  plotting  the  left  side  of  Eq.  (6)  versus 
L,  and  Eq.  (6)  could  be  regarded  as  a  linear  equation.  Here,  the  val¬ 
ues  of  x  and  T  were  determined  by  TG  data.  Based  on  these,  the  acti¬ 
vation  energy  E  and  pre-exponential  factor  A  could  be  obtained 
easily. 


2.4.  Analysis  methods 


3.  Results  and  discussion 

3.1.  Characteristics  of  raw  material 

The  results  of  proximate  and  ultimate  analyses  of  SLMS  were 
listed  in  fable  2.  From  the  table,  the  low  moisture  content  (about 
10%)  in  the  feedstock  indicated  the  time  of  the  drying  process 
could  be  shortened,  which  was  favorable  to  conserve  energy  in 
the  industrialized  production  process  of  bio-oil.  Meanwhile,  the 
higher  heating  value  and  the  lower  heating  value  were  calculated 
by  Eqs.  (7)  and  (8),  with  the  results  of  16.62  and  15.55  MJ/kg, 
respectively.  These  data  approximated  those  reported  in  agricul¬ 
ture  residues,  such  as  sweet  sorghum  bagasse  (18.57,  17.30  Mg/ 
kg)  [1]  and  rice  husk  (16.8,  15.6  Mg/kg)  [24].  It  demonstrated  that 
the  SLMS,  as  well  as  other  biomass,  could  be  considered  as  the  can¬ 
didate  for  thermal  energy  production. 


The  volatiles  and  fix  carbon  content  in  the  SLMS  were  deter¬ 
mined  by  the  TG  data.  The  ash  was  obtained  from  the  mass  per¬ 
centage  of  the  solid  residues  after  the  combustion  of  raw 
material  at  600  °C  for  8  h.  The  carbon  (C),  hydrogen  (H)  and  nitro¬ 
gen  (N)  content  in  the  raw  material  and  the  obtained  bio-oil  were 
determined  by  Vario  EL  Cube  Elementar.  Since  it  had  been  reported 
that  the  most  parts  of  the  biomass  contained  low  sulfur  content 
[12,13,21],  we  ignored  the  sulfur  (S)  content  in  samples.  The  oxy¬ 
gen  (O)  content  was  calculated  by  taking  the  difference.  The  higher 
heating  value  (HHV)  and  lower  heating  value  (LHV)  was  respec¬ 
tively  calculated  by  the  following  expressions  [22,23]. 

HHV(  MJ/kg)  =  -1.3675  +  0.3137C  +  0.7009H  +  0.03180  (7) 

LHV  (MJ/kg)  =  HHV  -  2.442  x  8.936(H/100)  (8) 

In  order  to  investigate  the  functional  groups  in  feedstock  and  pyro¬ 
lysis  production,  the  Fourier  transform  infrared  spectra  (FT-IR)  was 
recorded  at  the  scan  range  from  400  to  4000  cm-1  by  using  the 
SHIMDZU  1.50SU1  FT-IR  spectrometer.  The  spectral  resolution 
was  4  cm-1.  Gas  chromatography  coupled  with  mass  selective 
detector  (GC/MS)  was  performed  on  Agilent  7890  gas  chromato¬ 
graph  equipped  with  the  Agilent  5975  N  mass  spectrometer.  The 
National  Institute  of  Standards  and  Technology  mass  spectrum 


3.2.  Pyrolysis  behavior  of  SLMS 

The  thermogravimetric  (TG)  and  differential  thermogravimetric 
(DTG)  curves  of  SLMS  under  the  nitrogen  atmosphere  at  different 
heating  rates  were  shown  in  Fig.  2.  From  the  figure,  a  dehydration 
process  was  observed  clearly.  With  the  increasing  of  heating  rate, 
the  dehydration  stage  occurred  a  shift  toward  higher  temperature 
and  continued  up  to  250  °C  at  20  °C/min.  It  could  be  attributed  to 
the  reduction  of  residence  time.  Additionally,  the  dehydration  tem¬ 
perature  was  above  100  °C,  may  be  due  to  the  surface  tension  in 
biomass  capillaries,  which  restricted  the  loss  of  water  bound  [25]. 

The  similar  pyrolysis  processes  at  all  heating  rates  were  also 
observed  from  TG  and  DTG  curves.  As  an  example,  the  whole 


Table  2 

Main  characteristics  of  spent  lark  mushroom  substrate. 


Ultimate  analysis 

Content  (%) 

Proximate  analysis 

Content  (%) 

Carbon 

40.96 

Moisture 

10.7 

Hydrogen 

4.93 

Volatiles 

72.1 

Nitrogen 

1.15 

Fix  carbon 

8.1 

Oxygen 

52.96 

Ash 

9.1 

a  Calculated  by  difference. 
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Temperature  (°C) 


Temperature  (°C) 

Fig.  2.  TG  and  DTG  plots  of  spent  lark  mushroom  substrate  at  different  heating 
rates,  (a)  TG;  and  (b)  DTG. 


thermal  decomposition  process  at  heating  rate  of  15  °C/ min  could 
be  outlined  as  three  stages  without  considering  the  release  of 
moisture.  Before  250  °C,  the  weight  loss  was  mild.  When  tempera¬ 
ture  was  above  265  °C,  the  mass  loss  began  to  accelerate  and  ended 
at  around  380  °C.  On  the  one  hand,  it  could  be  attributed  to  the 
decomposition  of  cellulose  and  hemicellulose  in  raw  material.  This 
temperature  zone  was  advantageous  to  facilitate  the  reaction  of 
the  depolymerization,  for  instance,  the  glycosidic  bond  in  cellulosic 
was  easier  to  be  broken  at  this  temperature  range.  At  the  same 
time,  CO,  C02  and  other  carbonaceous  matters  were  formed  [26]. 
On  the  other  hand,  the  disintegration  of  a  large  number  of  car¬ 
bon-containing  constituents  forced  the  mass  loss  rate  to  a  maxi¬ 
mum,  which  was  found  at  348  °C.  Whereas,  the  degradation 
peaks  of  cellulose  and  hemicellulose  in  the  sample  were  not 


separated  obviously.  It  may  be  due  to  the  partial  overlap  of  thermal 
processes,  which  led  to  the  presence  of  a  shoulder  peak  not  a  well- 
defined  peak  [27  .  At  the  range  of  380-580  °C,  there  was  a  broad 
shoulder.  It  may  be  caused  by  breaking  the  bonds  in  some  small 
polymers.  Meanwhile,  the  hydrocarbons  also  began  to  form  in  this 
temperature  zone.  In  the  final  stage  (from  590  to  750  °C),  an  obvi¬ 
ous  weight  loss  was  observed  at  higher  temperature.  According  to 
the  literature,  it  supposed  that  the  weight  loss  was  caused  by  the 
presence  of  secondary  reactions,  such  as  cracking,  re-polymeriza- 
tion  and  re-condensation.  These  reactions  would  promote  the 
charring  processes  of  sample  [28,29  .  It  should  be  noted  that  it 
was  difficult  to  describe  the  thermal  composition  process  dis¬ 
tinctly,  because  of  the  complexity  of  biomass  component.  In  the 
future  work,  more  investigations  would  be  carried  out  to  elaborate 
the  pyrolysis  behavior  in  detail. 

Table  3  displayed  the  characteristic  parameters  of  major  reac¬ 
tion  stages.  As  the  heating  rate  increased  from  5  to  15°C/min, 
the  final  pyrolysis  temperature  (7})  at  any  thermal  stage  was 
shifted  to  the  higher  temperature.  Moreover,  the  temperature 
which  corresponded  to  the  maximum  weight  loss  rate  (Tmax), 
was  also  increased  from  322  to  349  °C  in  the  first  stage  and  467- 
512  °C  in  the  second  stage.  The  reason  of  the  results  could  be 
explained  by  the  effect  of  heat  transfer.  At  lower  heating  rate, 
the  whole  biomass  particle  could  develop  a  uniform  temperature 
distribution  due  to  the  long  residence  time.  With  the  raising  of 
heating  rate,  temperature  gradient  existed  between  its  surface 
and  core,  since  the  heat-conducting  property  of  biomass  was  poor. 
Additionally,  the  insufficient  residence  time  also  urged  the  release 
of  volatile  matters  at  a  higher  temperature.  Likewise,  when  the 
heating  rate  continued  to  rise,  the  average  degradation  rate  (AR) 
also  increased  with  5.39  and  1.45%/min,  respectively.  These  were 
probably  attributed  to  the  short  residence  time,  which  had  been 
mentioned  in  the  section  above.  The  opinions  were  agreement 
with  other  researchers  [28,30,31  ]. 


3.3.  Kinetic  analysis 


Fig.  3  depicted  the  linear  plots  of  In 


ln(l-x) 

T2 


versus  \.  It  showed 


good  relatedness,  and  the  correlation  coefficients  ranged  from  92% 
to  99%  which  indicated  the  reliability  of  calculation  in  the  first- 
order  reaction  model  [18].  Table  4  listed  the  results  of  apparent 
activation  energy  and  pre-exponential  factor.  It  should  be  empha¬ 
sized  that  there  were  two  kinetic  expressions  for  each  heating  rate, 
which  represented  the  main  thermal  degradation  stages  of  SLMS. 
From  Table  4,  it  could  be  seen  that  in  the  first  stage,  the  values 
of  Ei  were  between  54.42  and  77.26  kj/mol.  The  mean  value  of 
apparent  activation  energy  was  68.99  kj/mol.  Compared  with  other 
biomass  and  biomass  wastes  in  literature,  the  obtained  value  was 
lower.  For  example,  Gai  et  al.  [32]  investigated  the  thermal  kinetics 
of  corn  straw  and  rice  husk,  the  values  of  apparent  activation 
energy  were  79  and  129  kj/mol,  respectively.  In  the  study  of  Van 
de  Velden  et  al.  [33],  the  kinetics  of  pyrolysis  of  two  kinds  of 


Table  3 

Pyrolysis  parameters  at  different  heating  rates. 


Heating  rate  (°C/min) 

Si 

s2 

T,  (°C) 

Tf  (°C) 

7m ax  (°C) 

AR  (%/min) 

Ti  <°C) 

7}(°C) 

Tmax  (°C) 

AR  (%/min) 

5 

232 

352 

322 

1.49 

352 

563 

467 

0.72 

10 

249 

361 

327 

2.89 

361 

576 

501 

1.41 

15 

265 

380 

348 

4.56 

380 

580 

510 

1.44 

20 

267 

382 

349 

6.88 

382 

582 

512 

2.17 

Si :  the  first  stage  at  any  heating  rate;  S2:  the  second  stage  at  any  heating  rate;  T(:  the  initial  temperature  at  any  stage;  Tf.  the  final  temperature  at  any  stage;  Tmax:  the 
temperature  corresponded  to  the  maximum  weight  loss  rate  at  any  stage;  AR:  the  average  degradation  rate  at  any  stage. 
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Fig.  3.  Fitting  curves  at  different  pyrolysis  temperature  zones,  (a)  Si;  and  (b)  S2. 
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biomass  (sawdust  and  straw)  was  evaluated  by  using  TGA  and  DSC 
instrument.  The  corresponding  values  of  Ea  were  75.8  and  76.3  kj/mol. 
Amutio  et  al.  [34]  reported  that  the  change  range  of  Ea  values  of 
pinewood  wastes  was  between  62  and  206  kj/mol.  Since  the  appar¬ 
ent  activation  energy,  as  a  parameter,  reflected  the  minimum 
energy  required  to  break  down  the  chemical  bonds  between  atoms, 
the  lower  activation  energy  values  in  this  study  indicated  it  was 
easier  to  process  the  corresponding  pyrolysis  reaction. 

In  addition,  from  the  table,  it  was  also  observed  that  the  values 
of  E2  were  around  4.6  kj/mol  (the  values  at  15  °C/min  were  not 
considered,  because  of  large  fluctuation).  The  value  was  consistent 
with  the  depiction  of  the  pyrolysis  process  in  the  second  stage  (in 
Section  3.2).  Furthermore,  the  maximum  value  of  apparent  activa¬ 
tion  energy  was  found  at  the  highest  heating  rate.  Although  the 
maximum  value  of  £i  was  not  obtained  at  the  same  heating  rate, 
the  whole  trend  that  the  apparent  activation  energy  were  main¬ 
tained  at  a  high  level  at  high  heating  rate  (20  °C/ min)  was  similar. 
This  should  be  explained  that  due  to  the  short  residence  time,  high 
apparent  activation  energy  was  necessary  to  conquer  the  potential 
barrier  of  various  chemical  reactions,  such  as  ring-opening,  depoly¬ 
merization  and  repolymerization  [33].  In  addition,  according  to  the 
study  of  thermal  behavior  on  Arundo  donax,  Jeguirim  and  Trouve 
[35]  had  found  that  the  delay  only  affected  the  thermal  degrada¬ 
tion  process  of  cellulose  and  lignin.  It  had  no  influence  on  total 
mass  loss.  The  similar  results  had  also  been  reported  in  the  inves¬ 
tigations  of  other  biomass  resources.  Therefore,  the  heating  rate 
effect  on  liquid  yield  was  not  studied  in  the  next  work. 

3.4.  Production  yields  at  different  temperatures 

The  average  yields  of  pyrolysis  productions  at  410,  430,  450, 
470,  500  and  530  °C  were  shown  in  Fig.  4.  The  bio-oil  yields  varied 
between  8.6  and  14.4  wt.%.  And,  the  yields  of  char  and  gas  were 
41.52-57.84  wt.%  and  25.46-39.48  wt.%,  respectively.  From  the 
data,  the  variation  range  of  bio-oil  yields  was  smaller  than  that 
of  char  and  gas.  This  probably  concerned  with  the  thermal  process 
of  biomass.  The  major  fraction  of  volatiles  (approximately  40%)  had 
been  released  from  the  sample  before  382  °C,  which  indicated  by 
the  data  ofTG  at  heating  rate  of  20  °C/min.  When  temperature  con¬ 
tinued  to  rise,  the  more  heat  energy  was  obtained  to  promote  the 
decomposition  of  solid  char.  Thus,  some  chars  started  to  decom¬ 
pose  and  converted  into  gas.  These  caused  the  increase  of  bio-oil 
and  gas  yields.  However,  the  temperature  rose  of  up  to  470  °C, 
the  target  liquid  product  yield  was  gradually  decreased,  which 
was  attributed  to  the  decomposition  of  the  organic  matter  and 
the  secondary  thermal  cracking  process  of  bio-oil  [13]. 

3.5.  Ultimate  analysis  of  bio-oil 

Table  5  summarized  the  main  element  contents  in  bio-oil 
obtained  at  470  °C.  From  Table  5,  the  oxygen  and  hydrogen  content 
were  21.72%  and  7.1 6%,  respectively.  The  value  of  oxygen  was  lower 
than  that  of  raw  material.  However,  the  hydrogen  content  was 
higher.  Moreover,  compared  with  the  those  produced  by  other 


Temperature  (°C) 


Fig.  4.  Yields  of  pyrolysis  productions  at  different  final  pyrolysis  temperatures 
(feeding  rate:  0.36  g/min,  gas  flow  rate:  16  L/h). 


Table  5 

Main  Characterization  of  bio-oil. 


Ultimate  analysis 

Content  (%) 

Characterization 

Content  (%) 

Carbon 

65.29 

HHV(MJ/kg) 

24.82 

Hydrogen 

7.16 

LHV(MJ/kg) 

23.26 

Nitrogen 

5.83 

H/C 

1.32 

Oxygen 

21.72 

O/C 

0.25 

a  By  difference. 
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Wavenumber  (cm’1) 

Fig.  5.  FT-IR  spectra  of  bio-oil  at  different  final  pyrolysis  temperatures,  (a)  440  °C; 
(b)  470  °C;  and  (c)  500  °C. 

biomass  and  biomass  wastes  [1,13,14],  the  variations  of  oxygen 
and  hydrogen  content  in  bio-oil  were  favorable,  because  they  were 
beneficial  to  increase  the  higher  heating  value  of  liquid  production. 
Besides,  in  comparison  with  conventional  fuels,  the  H/C  ratio  indi¬ 
cated  the  obtained  bio-oil  lie  between  light  and  heavy  petroleum 
products  [36  . 


Table  4 

Thermal  kinetic  parameters  of  raw  material  at  different  stages. 


Heating  rate  (°C/min) 

Si 

s2 

E1  (kj/mol) 

A-[  (min-1) 

R2 

E2  (kj/mol) 

A2  (min  1) 

R2 

5 

69.57 

4.06  x  105 

0.9885 

4.46 

6.9  x  10-3 

0.9323 

10 

77.26 

4.35  x  10s 

0.9901 

4.54 

1.72  x  10-2 

0.9231 

15 

54.42 

3.36  x  105 

0.9939 

1.86 

7.41  x  10-3 

0.9491 

20 

74.74 

3.61  x  106 

0.9893 

4.79 

4.89  x  10-2 

0.9715 

Er.  the  apparent  activation  energy  at  any  stage;  At:  the  pre-exponential  factor  at  any  stage;  R2:  the  correlation  coefficient. 


265 


H.  Jiang  et  al.  f  Energy  Conversion  and  Management  88  (2014)  259-266 


4000  3600  3200  2800  2400  2000  1600  1200  800  400 


Wavenumber  (cm  ') 

Fig.  6.  The  FT-IR  spectra  of  raw  material  and  bio-oil,  (a)  SMLS;  and  (b)  bio-oil. 


Table  6 

The  tentative  components  in  bio-oil. 


Chemical  component 

RT 

(min) 

Peak 
area  (%) 

Spiropentane 

5.213 

0.23 

Benzaldehyde 

6.762 

0.37 

Phenol 

7.464 

3.86 

Methylamine,  N-(l-methylhexylidene)- 

8.008 

0.23 

2-Cyclopenten-l-one,2-hydroxy-3-methyl- 

8.416 

0.38 

2-Pentenenitrile,  5-hydroxy,  (E)- 

8.699 

0.20 

Phenol, 2-methyl- 

9.086 

0.81 

Phenol, 3-methyl- 

9.505 

1.21 

5-Ethyl-2-furaldehyde 

9.715 

1.60 

N-[6-[N-aziridyl]-3-aza-3hexenyl]morpholine 

10.437 

0.36 

5-Acetylpyrimidine 

10.667 

0.17 

Phenol, 3, 5-dimethyl- 

10.835 

0.41 

Phenol, 2-ethyl- 

11.149 

2.92 

Benzene, 1 ,4-dimethoxy- 

11.557 

0.33 

Ethanedithioamide 

11.997 

0.76 

Phenol, 3 -( 1  -methylethyl)- 

12.290 

0.21 

Phenol, 4-ethyl-2-methoxy- 

12.887 

0.88 

Indole 

13.107 

0.19 

Phenol,2,3,5,6-tetramethyl-phenol 

13.400 

0.73 

Cyclohexasiloxane,  dodecamethyl- 

13.588 

0.38 

Biphenyl 

13.923 

0.53 

3-lsopropoxy-l  ,1 ,1 ,7,7,7-hexamethyl-3,5,5- 
tris(trimethylsiloxy)tetra 

15.871 

0.48 

Trans-2-undecenoic  acid 

15.902 

0.46 

Thiophene, 2-heptyl- 

18.300 

0.18 

1,2-benzenedicarboxylic  acid 

21.346 

0.65 

3.6.  The  analysis  of  FT-IR  spectra 

Because  of  the  similar  tendency,  our  work  just  selected  three 
typical  FT-IR  spectra  showed  in  Fig.  5,  which  demonstrated  that 
the  influence  of  temperature  on  functional  group  types  in  bio-oil 
was  slight.  The  broad  absorbance  peak  (near  3318  cm-1)  was  the 
O— H  stretching  vibration,  which  suggested  the  presence  of  carbox¬ 
ylic  acids  and  alcohols.  The  peaks  (between  2826  and  2930  cm-1) 
were  corresponded  to  C— H  stretching  vibration  of  aliphatic  meth¬ 
ylene  groups.  It  may  be  caused  by  the  thermal  decomposition  of 
cellulose  in  sample  [37  .  A  strong  absorbance  peak  (about 
1700  cm-1)  was  associated  with  the  ketonic  functional  groups. 
Both  C=C  stretching  vibration  peaks  between  1450  and 
1600  cm-1  and  C— H  ‘out  of  plane’  peaks  between  740  and 
810  cm-1  indicated  the  presence  of  aromatic  structures  in  bio-oil. 

The  spectrum  of  SLMS  was  shown  in  Fig.  6,  compared  to  that  of 
bio-oil,  the  spent  lark  mushroom  substrate  existed  less  types  of 
functional  groups.  The  peaks  near  3425,  2923,  1648,  1049  and 


867  cm  1  indicated  the  presence  of  phenolic,  aliphatic,  ketonic, 
alcohol  and  other  aromatic  compounds,  respectively. 

3.7.  GC/MS  analysis 

In  order  to  recognize  the  chemical  components  in  the  bio-oil,  the 
technology  of  GC/MS  was  used.  The  tentative  components  of  bio-oil 
obtained  at  470  °C  were  listed  in  'able  6.  As  seen  from  Table  6,  the 
peak  areas  of  phenol  and  its  derivatives  dominated  the  results  of 
the  selected  components.  The  reason  was  mainly  due  to  the  conver¬ 
sion  of  some  lignin  structures  in  raw  material.  In  addition,  the  aro¬ 
matic  and  oxygenated  compounds  were  observed,  including  1,2- 
benzenedicarboxylic  acid,  biphenyl,  1,4-dimethoxy  benzene,  etc. 
This  could  be  explained  by  the  degradation  of  oxygenated  compo¬ 
nents.  The  presence  of  5-ethyl-2-furaldehyde  was  considered  to  be 
the  decomposition  of  cellulose.  Other  chemical  compounds  such 
as  spiropentane,  indole,  5-acetylpyrimidine,  butylcitrate,  etha- 
nedithioamide,  were  also  found.  Therefore,  after  further  upgrading, 
the  most  of  the  bio-oil  components  could  be  utilized  as  chemical 
feedstock  or  production  [38]. 

4.  Conclusions 

In  this  study,  the  thermal  behavior  of  spent  lark  mushroom  sub¬ 
strate  was  analyzed  by  the  TG  and  DTG  curves  at  different  heating 
rates.  An  iso-conversional  model  was  adopted  for  evaluating  the 
kinetics  of  thermal  degradation  of  biomass.  The  results  showed 
that  the  thermal  decomposition  process  of  SLMS  was  mainly  con¬ 
centrated  on  the  first  stage.  Meanwhile,  the  average  apparent  acti¬ 
vation  energy  in  the  first  stage  was  68.99  kj/mol.  The  lower 
activation  energy  values  indicated  it  was  easier  to  process  the  cor¬ 
responding  pyrolysis  reaction. 

The  optimum  final  pyrolysis  temperature  was  determined  at 
470  °C  with  the  bio-oil  yield  of  14.4  wt.%.  The  content  of  hydrogen 
maintained  a  specific  advantage  compared  with  other  biomass 
pyrolysis  oils.  The  ratio  of  H/C  had  shown  that  the  obtained  bio¬ 
oil  lie  between  those  of  light  and  heavy  petroleum  products. 
According  to  the  analysis  of  FT-IR  and  GC/MS,  it  demonstrated  that 
the  phenol  and  its  derivatives  occupied  an  important  proportion. 
Otherwise,  the  chemical  components  such  as  1,2-benzenedicarb- 
oxylic  acid,  biphenyl  and  indole  were  also  observed.  After  upgrad¬ 
ing,  the  chemical  components  in  bio-oil  could  be  utilized  in  many 
fields.  In  short,  the  bio-oil  obtained  from  spent  lark  mushroom 
substrate  could  act  as  a  kind  of  synthetic  fuels  or  chemical  feed¬ 
stock  to  be  used  in  the  future. 
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